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Abstract
· AIM:Tomakecomprehensivemoleculardiagnosisfor
retinitispigmentosa (RP)patientsinaconsanguineous
HanChinesefamilyusingnextgenerationsequencing
basedCapture-NGSscreentechnology.
· METHODS:Afive-generationHanChinesefamily
diagnosedasnon-syndromicX-linkedrecessiveRP
(XLRP)wasrecruited,includingfouraffectedmales,four
obligatefemalecarriersandelevenunaffectedfamily
members.Capture-NGSwasperformedusingacustom
designedcapturepanelcovers163knownretinaldisease
genesincluding47RPgenes,followedbythevalidation
ofdetectedmutationusingSangersequencinginall
recruitedfamilymembers.
· RESULTS:Capture-NGSinoneaffected47-year-old
malerevealsanovelmutation,c.2417_2418insG:p.E806fs,
inexonORF15ofRPGTPaseregulator ( )gene
resultsinaframeshiftchangethatresultsinapremature
stop codon and a truncated protein product. The
mutationwasfurthervalidatedinthreeoffouraffected
malesandtwooffourfemalecarriersbutnotintheother
unaffectedfamilymembers.
· CONCLUSION:Wehaveidentifiedanovelmutation,
c.2417_2418insG:p.E806fs,inaHanChinesefamilywith
XLRP.Ourfindingsexpandthemutationspectrumof
andthephenotypicspectrumofXLRPinHan
Chinesefamilies,andconfirmsCapture-NGScouldbean
effectiveandeconomicapproachforthecomprehensive
moleculardiagnosisofRP.
· KEYWORDS: retinitispigmentosaGTPaseregulator;
retinitispigmentosa;next-generationsequencing;genetic
diagnosis
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INTRODUCTION
R
etinitispigmentosa(RP),themostcommoninherited
retinaldegenerationdisease,affectsmillionsofpeople
worldwide
[1].RPcanbecategorizedintodominant,recessive
andX-linkedformsbasedontheinheritance,aswellasa
portionofisolatedcases
[2,3].RPisahighlyvariabledisorder,
thetypicalsymptomsofRPinitiatesfromnightblindnessand
darkadaptiondefects,followedbythelossofmid-peripheral
visionfieldduetothedysfunctionandlossofrod
photoreceptors.Asthediseaseprogresses,patientslosetheir
peripheralvisionandthencentralvisionsubsequentlyand
ultimatelydeveloptubularvisualfieldorcompleteblindness
aroundtheageof60
[3].ThediagnosisofRPmainlybasedon
thecharacteristicfunduschangesincludingattenuationofthe
retinalarterioles,bonespicule-likepigmentdepositandwaxy
yellowappearanceoftheopticdisc,aswellasthevision
fielddefectsandabnormal electroretinograms (ERG)
recordings
[3,4].CurrentlythereisnoeffectivetreatmentforRP
andclinicaldiagnosedRPcasesaremostinadvancedstages,
sincetheinconspicuousearlysymptomssuchasnight
blindnessandvisionfieldlossmaynotbenoticeduntillate
stages
[3].
Geneticdiagnosisprovidesaneffectiveapproachforthe
diagnosisofaffectedRPpatientsandtheriskevaluationof
theirdescendants.Currently,thereareover50genescausing
non-syndromicRP,inwhich23genesaccountfor
autosomal-dominantRP,36genesleadtorecessiveRP,and3
genescauseX-linkedrecessiveRP(XLRP)
[5].However,most
ofthesecausativegenesandmutationsarereportedin
753EuropeanCaucasianswithonlyafewassociatedwith
ChineseRPfamilies
[6-10].RPishighlyheterogeneousasnot
onlythecausativegenesandmutationscanvaryamong
differentethnicgroupsbutalsothesamemutationmaylead
todifferentoutcomesamongthemembersinthesame
family.SincereportedmutationspectraofRPgenesin
Chinesepopulationaredramaticallydifferentfromthose
amongEuropeanCaucasians,identificationofcausative
genesandmutationsofRPinChinesepopulationisofgreat
importance
[11-15].Nowthereareatleast340000RPpatientsin
Chinabasedonthereportedprevalenceinthe80s,andthe
highheterogeneityofRPmakesitchallengingtomakea
comprehensivegeneticdiagnosisusingthetraditionalSanger
sequencingduetothehighcostofreagentandlabor
[16].
Capture-Nextgenerationsequencing(Capture-NGS),a
methodthatcoupledNGSwithDNAcapturetechnology,
providesaneffectivealternativeforitsabilitytoparallel
sequencealargepanelofknownretinaldiseasegenesrapidly
andeconomically.Inthisstudy,wereportanovelmutation
detectedbyCapture-NGSinafive-generationHanChinese
familywithdiagnosisofXLRP.Inthisfamily,affectedmales
exhibittypicalearlyonsetandsevereRPphenotypesatthe
timeofdiagnosis,whilefemalecarriersrevealnormal
ophthalmicexaminationresults.Capture-NGSinoneaffected
maleidentifiedanovelmutation,c.2417_2418insG:p.E806fs,
intheexonORF15ofRPGTPaseregulator( )gene.
Themutationwasfurthervalidatedinthreeoffouraffected
malesandtwooffourfemalecarriersbySangersequencing.
Thismutationresultsinaprematurestopcodonduetothe
frameshiftchangeandultimatelyleadstoatruncatedprotein
product.
SUBJECTSANDMETHODS
ParticipantsandClinicalDiagnosis Afive-generationHan
Chineseconsanguineousfamilywithnon-symdromicXLRP
wasrecruited.AllsubjectswereidentifiedattheFirst
AffiliatedHospitalofGannanMedicalUniversity(GMU,
Ganzhou,Jiangxi,China).Thisresearchwasapprovedbythe
ethicalreviewboardofGMUinaccordancewiththe
DeclarationofHelsinkiandtheGuidanceonSample
CollectionofHumanGeneticDiseasesbytheMinistryof
PublicHealthofChina.Writteninformedconsentwas
obtainedfromallpatientsandtheirrelativesparticipatingin
thisstudy.Theindividualinthismanuscripthasgivenwritten
informedconsent(asoutlinedinPLOSconsentform)to
publishthesecasedetails.Allrecruitedfamilymembers
underwentcomprehensive ophthalmologicexamination
includingbestcorrectvisualacuity (BCVA),slit-lamp
biomicroscopy,fundusphotography,visualfieldtestsand
electroretinograms.GenomicDNAwas isolatedfrom
peripheralbloodusingacommercialkit(TIANampBlood
DNAkit,Cat#DP318,TIANGEN,Beijing,China)according
tothemanufacturer'sprotocol.ThediagnosisofRPwas
basedonthefamilyhistoryandpresenceofnightblindness,
retinalpigmentation,vesselattenuation,visualfieldlossand
abnormalERGrecordings.
Genetic Analysis Capture-NGSwasperformedas
previouslydescribed
[17,18].Briefly,acapturepanelthatcovers
163knownretinaldiseasegenesincluding47RPgeneswas
designedtosynthesizethehybridizationprobes.Patient
genomicDNAsample (1 滋g)wasshearedinto300-500bp
fragments,followedbytheend-repairandinsertionofan
extra"adenine"basetothe3'end.EightcyclesofPCR
amplificationwereappliedtoeachsampleafterligationof
IlluminaY-shapeindexadapterstotheendsoftheDNA
fragments,followedbythequantificationofDNAlibraries
usingthePicoGreenassay(Invitrogen).Fiftyprecapture
librarieswerepooledtogetherforonecapturereaction.After
Hybridizationand washing,captured librarieswere
sequencedas100-bppaired-endreadsontheIlluminaHiSeq
2000sequencer.Bioinformaticsanalysisof sequencing
resultswasperformedaspreviouslydescribedforvariants
calling,filteringandannotation
[17].Tovalidatethemutations
detectedbycapture-NGS,Sangersequencingwasperformed
aspreviouslydescribedonAppliedBioSystems(ABI)
3730伊lcapillarysequencer
[18].
RESULTS
Clinical Evaluation Thereare46membersinthis
five-generationpedigree,whichwascompiledandrevealed
X-linkedrecessiveinheritance(Figure1).Fourindividualsin
thefamilypassedaway,amongwhichonefemalehadnight
Figure1PedigreeofaHanChinesefamilywithXLRP.Squaresandcirclesaremalesandfemalesrespectively.Filledsquaresare
affectedmales.Adiagonallinethroughasymbolindicatesadeceasedfamilymember.Thearrowindicatestheproband.
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blindnessandvisualimpairmentfrommid-ageasdescribed
byhergrandchildren.Nineteenfamilymembersagreedto
participateinourstudyincludingfouraffectedmales,four
obligatefemalecarriersandelevenunaffectedfamily
members.Allrecruitedfamilymembersweresubjectedto
ophthalmicexaminationbytheOphthalmologistsinthe
DepartmentofOphthalmology,theFirstAffiliatedHospital
ofGMU.FouraffectedmaleswerediagnosedasXLRP.
Thephenotypesofallaffectedmalesweredescribedin
detailsinTable1.PatientNo.11,theindexpatient,isa
53-year-oldmalewhohadanonsetofnightblindnessatage
of13.Theproband'sbrother(No.15)andtwoyounger
cousins(No.20and27)hadtheironsetofnightblindnessat
theageof15,12and13,respectively.Allaffectedmales
advancedrapidlyintosevereRPphenotypes.Atthetimeof
diagnosis,theBCVAoffouraffectedmalesrangedfrom
handmotion(HM)to0.04.Fundusexaminationrevealed
vesselattenuationandpigmentdepositinthemid-peripheral
retinainallaffectedmales(Figure2).PatientsNo.11,15and
20showedlightyellowappearanceoftheopticdiskand
patientNo.20and27showedtigroidfundus.Octopus
perimetryshowedtunnelvisioninallaffectedmales,aswell
asbothrodandconeERGamplitudeswerebelowthenormal
thresholds.Theothersixunaffectedmalefamilymembers
displayednoabnormityinophthalmicexaminations.All
femalecarriersinthispedigreeshowednormalvisualfield
withBCVA20/20inbotheyes,aswellasthenormalERG
responses.Fundusobservationoffemalecarriersfoundno
spiculeformationintheperipheralretina.
GeneticAnalysis Oneaffectedmale(No.27)wasscreened
byCapture-NGS.Sequencereadsweremappedtohg19
humangenomereferenceusingBurrows-WheelerAligner
(BWAversion0.5.9)andvariantswerecalledusingAtlas
toolkit
[19,20].Rawvariantswerefurtherfilteredagainstseveral
variantsdatabaseincluding1000genome,dbSNP,ESP6500
and997internalcontroldatabaseusingacutoffof0.5%
[17,21].
Theremainingrarevariantswereannotatedusing
ANNOVARsoftware
[22].Finally anovel mutation,
c.2417_2418insG:p.E806fs,inexonORF15of
wasidentified.TheexonORF15wasthenPCRamplified
usingprimerspreviouslydescribed
[23] andvalidatedinall
recruitedfamilymembersusingSangersequencing.The
novelmutationwasfoundinthreeoffouraffectedmales
(No.15,20and27)andtwooffourfemalecarriers(No.13
and16),butnotinotherunaffectedfamilymembers.The
insertionofguaninebetweencodons2417and2418resultsin
thesignificantchangeoftranslationalproductsandbringsin
aprematurestopcodon(Figure3).Themutationinone
affectedmale(No.11)andtwofemalecarriers(No.12and
29)couldnotbecleanlyvalidatedbySangersequencingdue
tothehighrepetitivefeatureofexonORF15.
Figure2Representativefundusimagesofaffectedmales All
affectedmalesinthisfamilyexhibitcharacteristicfunduschanges.
CharacteristicfundusimageofpatientNo.11(A-B),No.15(C-D),
No.20(E-F)andNo.27(G-H)arepresent.Allaffectedmales
revealedpigmentdeposit(arrows),retinalvesselattenuationand
lightyellowappearanceofopticdisk.PatientNo.15showedatigroid
fundus.
Table 1 Clinical findings of all affected males 
Patient 
No. 
Age of 
onset (a) 
Age of 
diagnosis (a) 
BCVA 
OD/OS  Fundus change  Visual field  ERG recordings 
11  13  53  HM/HM 
Light yellow appearance of optic disk; pigment 
deposit; retinal vessel attenuation. 
Tubular 
visual field 
Reduced 
15  15  40  0.02/0.02 
Tigroid fundus; light yellow appearance of optic 
disk; pigment deposit; Retinal vessel attenuation. 
Tubular 
visual field 
Reduced 
20  12  42  0.04/0.04 
Light yellow appearance of optic disk; pigment 
deposit; retinal vessel attenuation. 
Tubular 
visual field 
Reduced 
27  13  47  0.01/0.01 
Light yellow appearance of optic disk; pigment 
deposit; retinal vessel attenuation. 
Tubular 
visual field 
Reduced 
BCVA: Best correct visual acuity; OD: Right eye; OS: Left eye; HM: Hand motion; ERG: Electroretinograms. 
 
755DISCUSSION
Todate,morethan3000mutationshavebeenreportedin
identifiedRPgenes
[5].Duetothelimitedresources,onlya
smallsetofgeneshavebeenaccessedbySangersequencing,
thetraditionalmainapproachforRPmoleculardiagnosis.
WiththeemergenceofNext-generationSequencingand
DNAcapturetechnology,Capture-NGSprovidesapromising
alternativeforthemoleculardiagnosisofRPwithan
approximatelydiagnosticrateabove50%
[17,24-26].Inthisstudy,
wereportedanovelmutation,c.2417_2418insG:p.E806fs,in
exonORF15of byCapture-NGStechnologyinaHan
Chinesefamily.Afterscreeningofoneaffectedmaleusing
Capture-NGS,themutationwasidentifiedandthenfurther
validatedinthreeoffouraffectedmalesandtwooffour
femalecarriersbutnotinunaffectedfamilymembersby
Sangersequencing.
XLRPisthemostsevereformofRPforitsearlyageofonset
andrapidprogression.Affectedmalesalwaysexhibitnight
blindnessandseverelyabnormalERGrecordingsinearly
adolescence,followedbytheprofoundlossofperipheral
visualfieldsintheseconddecadeandultimatelytubular
visualfieldorcompleteblindnessinthefourthorfifth
decade.Affectedmalesusuallyexhibitmuchmoresevere
phenotypesthantheaffectedfemales.Whilefemalecarriers
mayexperiencevariablesymptomsandvisualimpairmentin
themid-age
[3,4,27,28].Inthisstudy,allfouraffectedmales
sufferedsevereRPphenotypesthatinitiatedaroundtheage
of12to15andprogressedrapidly.Atthetimeofdiagnosis,
allaffectedmalesshowedtubularvisualfieldwithbarelyleft
centralvision,accompanywiththesevereabnormalERG
recordings(Table1andFigure2).Whereas,thereisno
ophthalmicabnormalityobservedinfourfemalecarriers.
MostXLRPcasesarereportedcausedbythemutationsin
orretinitispigmentosa2gene( ),whichcovers
approximately upto 75%and25%ofXLRPcases
respectively
[29-32].Meanwhile, mutationsaresuggested
beresponsibleforupto20%ofallRPcases,higherthanany
othersinglegeneticlocus
[33]. iscomposedoffiveexons
encodingaubiquitouslyexpressedpolypeptideof350amino
acids
[34].RP2suggestedbeingamembrane-and/or
tubulin-associatedchaperoneorsignalingproteinandmost
causativemutationsarelocalizedinitscofactorChomology
domainintheN-terminus
[33]. locatesatchromosome
Xp21.1.Itcontains19originallyidentifiedexonsandis
thoughttoencodeacilia-centrosomalproteinessentialfor
ciliafunctionandproteintraffickingalongthephotoreceptor
cilium
[35-38].AlterationsofRPGRproteinarebelievedto
interruptthenormalproteininteractionsandleadsto
photoreceptordegeneration.Anumberofalternatively
splicedisoformsof havebeenidentifiedincluding
RPGR
ex1-19 andRPGR
ORF15 [39-41].RPGR
ex1-19 wasderivedfrom
initiallyidentifiedexon1to19andmutationswithin
RPGR
ex1-19 wasfoundinonlyupto20%ofthefamilieswith
XLRP
[8].RPGR
ORF15,whichpreferentiallyexpressedinretina,
wasderivedfromexon1to14ofRPGR
ex1-19 andalarge
terminalexonORF15thatencodesa567aminoacid
polypeptidewitharepetitivedomainrichinglutamicacid
residues
[41].ExonORF15isregardedasamutationhotspot,
inwhichclusteredover60%mutationsofRPGR
ORF15 in
XLRPfamilies
[33,40,43-44].MostmutationsinexonORF15are
frameshiftormissensemutations,bothofwhichleadtoearly
translationalterminationandresultintruncatedprotein
products
[45,46].Inthisstudy,wehaveidentifiedanovel
mutation,c.2417_2418insG:p.E806fs,locatedinthehighly
Figure3Identificationofc.2417_2418insG:p.E806fsmutationintheRPGRgene A:StructureofRPGRgeneanditslocationintheX
chromosome.RedlineindicatesthelocationofnovelmutationinexonORF15;B:SangersequencingrevealstheinsertionofGuaninebetween
codons2417and2418(arrow);C:Theframeshiftchange(p.E806fs)(arrow)causedbythec.2417_2418insGmutationresultsinapremature
stopcodonandatruncatedproteinproduct.
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repetitiveregionofexonORF15.Themutationleadstoa
frameshiftchangeandresultsinatruncatedproteinproduct
lostduetotheprematurestopcodon.Todate,morethan100
mutationshavebeenidentifiedwithinexonORF15,butonly
afewarereportedinHanChinesepopulation,andtheprecise
roleofORF15remainsunknown
[6,9,10,46-48].
Inconclusion,ourstudyisthefirstattemptofcomprehensive
geneticdiagnosisofXLRPinChinesepopulationusing
Capture-NGStechnology. Theidentificationofnovel
mutation,c.2417_2418insG:p.E806fs,inexonORF15of
associatedwithXLRPinthisHanChinesefamily
expandsthemutationspectrumof andthephenotypic
spectrumofXLRPinChinesefamilies.Ourfindingis
importantforexploringthegenotype-phenotypecorrelation
andforelucidatingthedistributionandcontributionofthe
ORF15mutationsandwillbeusefulforgeneticconsultation
anddiagnosis.Furtherinvestigationonthemechanism
throughwhichthismutationactswillrequirefurtherstudyof
RPGRproteininbothnormalandmutantretinas.
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